Please cite this article as: Garcia-Canadilla P, Crispi F, Cruz-Lemini M, Triunfo S, Nadal A, ValenzuelaAlcaraz B, Rudenick PA, Gratacos E, Bijnens BH, Patient-specific estimates of vascular and placental properties in growth-restricted fetuses based on a model of the fetal circulation, Placenta (2015), doi: 10.1016/j.placenta.2015.07.130. This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

Introduction 1
Intrauterine growth restriction (IUGR) from placental insufficiency is one of the leading 2 causes of perinatal mortality/morbidity [1, 2] . It is associated with blood-flow 3 redistribution that involves several vessels of the feto-placental circulation, such as the 4 and GA at delivery were significantly lower in IUGR with worse feto-placental Doppler 1 and perinatal outcome. 2 Figure 3 shows the measured and model-based velocity waveforms in the AoI, MCA 4 and UA for a control (3a-3f) and IUGR fetus (3g-3l). Table 2 shows the model-based 5 parameters obtained for both groups after the minimization process. The estimated 6 placental resistance and compliance were significantly increased in IUGR. On the other 7 hand, coronary arteries and brain resistances were significantly lower. There were no 8 significant differences in the other 11 estimated model-based parameters. 9 Table 3 shows the association between Doppler and model-based parameters by 10 means of multivariate regression. While UA-PI, MCA-PI and CPR showed a significant 11 association with both model-based placental resistance and compliance, UtA-PI was 12 only significantly associated with the model-based placental compliance. AoI was 13 significantly associated to coronary arteries resistance. 14 3.3. Model-based parameters and placental evaluation 15 16
Model-based parameters and feto-placental Doppler 3
Histological evaluation was performed in 13 of the 15 IUGR placentas. In a total of 13 17 IUGR placentas, 13 PUP-related histopathology was identified in 8 cases (Table 4) . 18
Placental weight mean was 313.8gr (± 88.71) and fetoplacental weight ratio 4.69 (± 19 Finally, both PUP groups showed a linear tendency to have a decrease in K RcorA . 3
Model-based parameters and perinatal outcome 4
The results of the logistic regression analysis showed that with model-based parameters, 5 the accuracy, sensitivity and specificity of detecting IUGR fetus was 100%. 6
Next, the fetal population was classified to have or not have adverse perinatal 7 outcome. Table 5 shows the main perinatal data, Doppler parameters before delivery 8 and the model-based parameters for both groups. Again, GA at delivery and birth-9 weight were significantly lower in those fetuses that had adverse perinatal outcome. 10
Model-based placental resistance and compliance were significantly higher and brain 11 and coronary arteries resistances were significantly lower in fetuses with poorer 12 perinatal outcome. Figure 5 shows the four model-based parameters that were 13 significantly different between the different groups: controls, IUGR and fetuses with 14 adverse perinatal outcome. Table 6 shows the results from the logistic regression 15 performed with different sets of Doppler and model-based parameters. Using the 16 Doppler parameters alone, the sensitivity was 72.7%. On the other hand, GA alone 17 showed a better predictive capacity than Doppler parameters, with a sensitivity of 18 81.8%. When the estimated model-based parameters were included, the detection of 19 adverse perinatal outcome was considerably improved up to a sensitivity of 90.9%. 20
Discussion 21
We presented a lumped model of the fetal circulation for estimating patient-specific 22 vascular and placental properties. The model was successfully used for evaluating a 23 cohort of 37 control and IUGR fetuses. The results shown that UA and MCA PIs were 24 most associated with both placental resistance and compliance, while UtA-PI was more 25 M A N U S C R I P T A C C E P T E D patient-specific and allow estimation of an individual set of hemodynamic parameters. 7 Our extended lumped model was used to estimate a set of thirteen vascular parameters 8 in a cohort of 22 controls and 15 IUGR fetuses. From this set of estimated parameters, 9 only four were significantly different between groups: placental resistance and 10 compliance were higher and brain and coronary arteries resistances were lower in IUGR 11 fetuses compared to controls. We have shown that while UA-PI, MCA-PI and CPR 12 showed a significant association with both model-based placental resistance and 13 compliance, UtA-PI was only significantly associated with the model-based placenta 14 compliance. This suggests that different Doppler parameters are describing different 15 placental substrates. While UA and MCA most probably reflect an initially abnormal 16 placenta with less developed vasculature (reflected by increased placental resistance), 17
UtA most probably reflects the maternal-fetal interaction that determines placental 18
compliance. 19
Placental insufficiency can be caused by different patterns of placental changes, 20 such as villious infarcts, villious fibrosis, villous hypovascularity, etc [36, 37] . In fact, 21 when we evaluated the correlation between the model-based parameters and the 22 maternal and/or fetal signs of placental under-perfusion we found that placental 23 compliance showed a tendency to increase only in those cases with both fetal and 24 maternal under-perfusion while the placental resistance showed a tendency to linearly 25 M A N U S C R I P T
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increase with the number of placental lesions. These results support the hypothesis that 1 placental vascular properties' changes are different depending on the origin (maternal 2 and/or fetal) of the lesion. However, in order to further investigate this, a more detailed 3 model of the placenta would be needed. 4
We also evaluated the added value of patient-specific model-based parameters in 5 the detection of fetuses with adverse perinatal outcome in comparison to currently used 6 Doppler parameters. When Doppler indices were used alone, the sensitivity and 7 specificity obtained was 72.7% and 95.8% respectively. However, the addition of a set 8 of model-based parameters improved sensitivity for the detection of adverse perinatal 9 outcome to 90%. In a similar study [21] , in which four hemodynamic parameters were 10 estimated by a patient-specific fitting in a cohort of 42 fetuses, the addition of these 11 parameters to the conventional Doppler indices also improved the detection of IUGR 12
fetuses. In our study, we used a different set of hemodynamic parameters that seems to 13 perform better in the detection of IUGR fetuses with poorer perinatal outcome. This can 14 be explained by the fact that our set of parameters are more directly related to the 15 disease, placental insufficiency, than the set used by Luria et al [21] , who used 16 parameters more related to blood-flow redistribution. 17
We acknowledge that our current model has some limitations. Apart from the 18 ones already mentioned in our previous published model [22] this study has some 19 additional limitations. Firstly, a set of only a few parameters was personalized for each 20 fetus, assuming that the rest of parameters were unchanged. This simplification was 21 necessary to make a compromise between complexity and efficiency of the model, and 22 to avoid overfitting of the data. Therefore the number of parameters is limited to reduce 23 the number of possible solutions of the inverse problem as done in other patient-specific 24 models [21] . In our case, the most relevant parameters that describe the hemodynamics 25 M A N U S C R I P T
of each patient were included. We did perform the simulations with a large set of 1 parameters by considering the individual variation of each vascular bed resistance and 2 compliance and the results obtained were the same, suggesting that the inclusion of 3 more parameters to fit does not add significant information but considerably increase 4 the complexity and the computational cost. Secondly, a more complex model of the 5 placental circulation would be required to further evaluate the specific hemodynamic 6 changes in the placenta, and to take into account the maternal factors that can influence 7 the fetal circulation. However, evaluation of the detailed hemodynamic properties of the 8 feto-maternal circulation of the placenta was beyond the scope of this study. 9
Additionally, given that, in clinical practice, pressures cannot be quantitatively assessed 10 in fetuses, we have not validated and studied the local pressures obtained from the 11 model. However, these are within realistic ranges as reported in experimental models. 12 Finally, the amount of patients in the study was small. Nevertheless the results look 13 promising to directly assess hemodynamic properties of the fetal circulation rather than 14 using Doppler measurements and to improve the detection of fetuses with adverse 15 perinatal outcome. 16
The results obtained from this study suggested that patient-specific 17 hemodynamic parameters estimated with our computational model added significant 18 information to the conventional Doppler indices, since they describe the underlying 19 vascular and hemodynamic properties that can not be assessed in a clinical setting. This 20 opens opportunities to find more easily obtainable approaches to specifically assess 21 these hemodynamic parameters the we found to be most altered by IUGR, e.g. using an 22 
pregnancies. 2
In conclusion, we presented a patient-specific lumped model of the fetal 3 circulation that successfully estimated a set of fetal vascular and hemodynamic 4
properties. Placental and coronary compliance/resistance strongly correlate with feto-5 placental Doppler parameters, show an association with placental maternal/fetal 6 underperfusion, and correlate with adverse perinatal outcome in IUGR. Therefore, the 7 proposed patient-specific computational model seems to be a good approach to assess 8 hemodynamic and placental parameters than cannot be measured non-invasively in 9 clinical practice. Data are given as mean ± SD or n (%). *Student's t-test for independent samples or 5
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Pearson χ 2 test. IUGR, intrauterine growth restriction; UA, umbilical artery; UV, 6 umbilical vein; NCIU, neonatal intensive care unit; UtA, uterine artery; MCA, middle 7 cerebral artery; CPR, cerebroplacental ratio; IFI, isthmic flow index; PI, pulsatility 8 index; 9 10 M A N U S C R I P T Data are given as mean ± SD. *Student's t-test or Mann-Whitney U test for normally 2 and not normally distributed independent samples. 3 4 5 M A N U S C R I P T Data are given as mean ± SD. * Student's t-test or Mann-Whitney U test for normally 3
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and not normally distributed independent samples. UA, umbilical artery; UtA, uterine 4 artery; MCA, middle cerebral artery; CPR, cerebroplacental ratio; AoI, aortic isthmus; 5 IFI, isthmic flow index; PI, pulsatility index. 6 7 M A N U S C R I P T The GA and the EFW were used to calculate the different electrical components 10 of the equivalent circuit. Firstly, arterial radius, length and thickness were calculated 11 using the equations described in the Table S1 , which depends on the GA. respectively, where b is the scaling 3 factor (see Table S2 ), and R p0 and C p0 were the vascular bed resistance and compliance 4 respectively, calculated for the specific GA. 5
where i indicates one of the three places of the fetal circulation were blood velocity was 14 measured: AoI, MCA or UA; N is the number of time points and t sys and t dias are the 15 systolic and diastolic time points respectively. To do this, the model was initialized with 16 the nominal model parameters that describe a normal fetus with same GA and EFW, 17
and with an initial set of K i factors. Then, the estimation problem consisted on searching 18 the set of factors (K= {K i }) that minimizes J. The initial set of factors K was randomly 19 defined within a physiological range. Then, to avoid local minim solutions, the 20 optimization procedure was repeated several times with different initial K, and we 21 finally chose the K with the minimum J value. 22 M A N U S C R I P T t represents the gestational age in weeks. 
